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Background. Sequestration of parasitized erythrocytes in the microcirculation is considered the central pathophysiological process in severe falciparum malaria. Hypovolemia with reduced oxygen delivery and microvascular obstruction have different implications for patient management; however, their relative contributions to disease severity are uncertain.
Methods. Adult patients (n = 28) with severe Plasmodium falciparum malaria were enrolled in a prospective hemodynamic study. Volume status and oxygen delivery were assessed using transpulmonary thermodilution. Microvascular sequestration was measured using orthogonal polarized spectroscopy.
Findings. Duration of therapy before study enrollment was correlated with the amount of directly visualized and quantitated microvascular sequestration (P = .03). The amount of sequestration correlated with plasma lactate (r s = 0.55; P = .003) and disease severity (r s = 0.41; P = .04). In patients who had received artesunate for <10 hours, sequestration was higher in fatal cases than in survivors: median (range) 45% (32-50) vs 15% (0-40); P = .03). Parasite biomass estimated from plasma P. falciparum histidine-rich protein 2 correlated positively with disease severity (r s = 0.48; P = .01) and was significantly higher in patients who died (P = .046). There was no relationship between oxygen delivery and disease severity (P = .64) or outcome (P = .74).
Interpretation. Vital organ dysfunction in severe malaria results primarily from sequestration of parasitized erythrocytes in the microvasculature rather than reduction in circulating blood volume and oxygen delivery.
There are early signs of a reversal in the grim tide of malaria [1] [2] [3] . Improved funding, successful public health interventions, and the recent advent of artemisinin-based therapies for both uncomplicated and severe malaria [4] [5] [6] have led to cautious optimism for the first time in decades. However, for the individual patient hospitalized with severe malaria, the prognosis is still bleak. Even with the use of intravenous artesunate, an agent that is increasingly available, highly effective, simple to administer, and very well tolerated [4, 5] , mortality in adults with severe malaria in many endemic areas remains high [4] .
To improve these poor outcomes, numerous adjuvant therapies have been proposed. Heparin, prostacyclin, N-acetylcysteine, pentoxifylline, low-molecular-weight dextran, urea, high-dose corticosteroids, acetylsalicylic acid, deferoxamine, erythropoietin, mannitol, antitumor necrosis factor antibody, cyclosporin, dichloroacetate, adrenaline, and hyperimmune serum have all been assessed in clinical trials, but none have shown benefit and several have been harmful [7] .
A clear understanding of the pathophysiology of the disease is needed to develop successful adjuvant therapy for severe Plasmodium falciparum malaria. Adjuvant treatments have derived from the prevailing pathophysiological hypotheses of the time or from a murine model of cerebral malaria of uncertain relevance to the human disease [8] . Most clinicians and pathologists believe that extensive sequestration of parasitized erythrocytes in the microvasculature is the central mechanism underlying severe disease in patients infected with P. falciparum [9, 10] . However, there is an alternative view that sequestration is not causally related to disease severity and that other mechanisms, including immunological phenomena, are of greater pathological significance [11] . If sequestration and its immediate consequences are indeed the primary pathological processes in severe falciparum malaria, this is where research into adjuvant therapies might best be directed. Alternatively, if severe malaria is primarily an immunopathogenic process, as in the murine model of cerebral malaria, or results from an exaggerated proinflammatory cytokine response, then patient management would be different and closer to the approaches recommended for patients with sepsis [12] .
Incomplete understanding of the pathophysiology of severe malaria confounds recommendations about even one of the most basic of clinical interventions: fluid replacement [7] . There are data to support the notion that most adult patients with severe malaria are hypovolemic [13] . Lactic acidosis [14] and renal impairment are important risk factors for mortality in severe malaria [14, 15] , and both are exacerbated by reduced tissue perfusion. It might be expected then that fluid resuscitation would improve patient outcomes; in patients with sepsis, there has been an impressive reduction in mortality using hemodynamic targets to ensure euvolemia and guide fluid resuscitation [16] . However, in adults with severe malaria, there is a generalized increase in capillary permeability [17] and, in a subset of patients, severe pulmonary capillary leakage (acute respiratory distress syndrome [ARDS]) with normal pulmonary capillary pressures [18] . Because sequestration results from the cytoadherence of parasitized erythrocytes to the microvascular endothelium and consequent obstruction of the microcirculation, fluid loading might do little to improve tissue perfusion, lactic acidosis, and pre-renal kidney injury, and may indeed lead to harm. Contrary to initial expectations, a recent randomized controlled study of aggressive fluid replacement and albumin in African children with severe malaria and sepsis was discontinued because of higher mortality in the 2 investigational treatment arms that provided a fluid bolus [19] .
In this study, we assessed the relative contributions of microvascular and macrovascular factors to the lactic acidosis and outcome of adults with severe malaria in order to inform future research directions and guide clinical management strategies.
METHODS

Patients
Patients with severe falciparum malaria were recruited at Chittagong Medical College Hospital in Bangladesh and Ispat General Hospital in Rourkela, India, in 2008. Patients were defined as having malaria if asexual forms of P. falciparum were present on blood film or, if expert microscopy was not immediately available, an immunochromatographic rapid diagnostic test (Paracheck Pf, Orchid Biomedical Systems) was positive. Falciparum malaria was later confirmed by microscope examination of a simultaneously collected blood slide. Because invasive hemodynamic monitoring was used, only severely ill adult patients with malaria were enrolled. The prospectively defined severity criteria were: peripheral venous base deficit of >6 meq/L, blood urea nitrogen >60 mg/dL (21.4 mmol/L), or pulmonary edema (defined as oxygen saturation of less than 90% with bi-basal crepitations on respiratory examination). Patients were enrolled only after written informed consent was obtained from an accompanying relative via a local translator. Patients were excluded if they were <16 years of age or if they had already received adequate antimalarial treatment for more than 24 hours before enrollment. A detailed history was taken and a physical examination performed on all patients who were admitted to the intensive care units and treated with intravenous artesunate and standard supportive care as per current treatment guidelines [7] .
Ethical Review
Ethics approval for the study was obtained from the Bangladeshi Medical Research Council, the institutional ethical board of Ispat General Hospital, and the Oxford Tropical Medicine Research Ethical Committee. Local independent safety committees reviewed the study regularly, and all deaths and serious adverse events were reported to these committees within 24 hours for appraisal.
Investigations
Hemodynamic Investigations
Hemodynamic measurements were made using transpulmonary thermodilution and arterial pulse contour analysis (PiCCO-Plus, Pulsion). To obtain these measurements, a standard triplelumen central venous catheter was inserted via the subclavian or internal jugular vein and a 5-French thermistor-tipped arterial catheter (Pulsiocath, Pulsion) was inserted into the femoral artery. The physiological basis for measurement of hemodynamic variables using the PiCCO system is described in detail elsewhere [20] . Briefly, chilled saline (<8°C) was injected into the central vein, and the thermistor at the tip of the femoral artery catheter measured the downstream temperature change. Cardiac output was calculated by analysis of the thermodilution curve using a modified Stewart-Hamilton algorithm. The systemic vascular resistance index (SVRI) was determined using this value. All volumetric parameters were obtained by analysis of the thermodilution curve. These parameters include the global end diastolic volume index (GEDI), a measure of volume status, and extravascular lung water (EVLW). The pulmonary vascular permeability index (PVPI), a measure of pulmonary capillary leakage, was determined using the GEDI and the EVLW. The patient's height was used to calculate the ideal body weight, which was entered into the PiCCO-Plus monitor to calculate indexed values. Oxygen delivery was calculated later using the formula: DO 2 I = 1.34 × Hemoglobin Concentration × Cardiac Index × (SaO 2 /100). Disease severity was determined using the coma acidosis malaria (CAM) score [15] .
Patients were resuscitated with normal (0.9% w/v) saline using published PiCCO measurement-based resuscitation algorithms [21] . Blood was transfused if the hemoglobin concentration fell below 5 g/dL using the same algorithms. Respiratory support, dialysis, and inotropic support were initiated based on the judgment of the attending clinicians.
Assessment of the Microvasculature Microvascular blood flow was assessed using orthogonal polarized spectroscopy (Microscan, Microvision Medical) as described previously [10] . Images were recorded using a handheld camera applied gently to the rectal mucosa. Separate recordings of at least 10 seconds were collected from 3 sites. The recorded images were later reviewed ( J. H.) using image analysis software (Open Lab 3.1.5, Improvision). The velocity of blood flow in 20 capillaries in each of the 3 recordings was assessed, providing 60 analyzed capillaries for each patient. The images were later reviewed independently by two observers (R. J. M., H. K.) blinded to patient identity or outcomes in a semiquantitative manner by determining the proportion of blocked capillaries in 60 capillaries using a GOM media player (Gretech Corporation) and Microsoft Excel (Microsoft Corporation).
Laboratory Investigation
Thick and thin films, a full blood count, and plasma biochemistry were performed on admission. Also, once the central venous line was inserted, blood was collected for lactate and mixed venous oxygen saturation (ScvO 2 ), both determined using a handheld automated analyzer (iStat, Abbott Laboratories). Admission plasma P. falciparum histidine-rich protein 2 (PfHRP2) concentrations were measured from freeze-thawed samples, providing a modeled estimate of the sequestered parasite biomass [22] . PfHRP2 was measured with an in-house enzyme-linked immunosorbent assay (ELISA). In short, plates were coated with 100 μL of 1.0 μg/mL of IgM antibody (MPFM-55A) and incubated at 4°C overnight. After discarding excess fluid and drying, 2% bovine serum albumin solution in phosphate-buffered saline (PBS; 200 μL) was added to each well and incubated for 2 hours. Then, plates were washed, dried, sealed in a plastic bag, and frozen at −20°C. In the assay, patient's plasma (100 μL) was added to each well, incubated for 1 hour, and washed in PBS/Tween. Then a second antibody (MPFG-55P; 100 μL; 0.2 μg/mL) was added, incubated for 1 hour, washed, and dried. Finally, Tetramethylbenzidine chromogen (100 μL) was added and incubated for 10 minutes in a dark chamber. The reaction was then stopped with sulfuric acid (50 μL; 1 M). Absorbance was measured using an ELISA plate reader at 450 nm. Dilutions (range, 1 ng/mL-1 μg/mL) of purified PfHRP2 antigen (kindly provided by Dr D. Sullivan, Johns Hopkins School of Public Health, Baltimore, MD) were used as standards in the quantification of PfHRP2 in individual samples.
Statistical Analysis
Data were collected and entered into an anonymized database and analyzed using statistical software (Stata version 10, StataCorp). Correlation coefficients were determined using Spearman's method. Groups were analyzed using the KruskalWallis test and Fisher's exact test.
RESULTS
Patient Characteristics
Twenty-eight patients with severe malaria were recruited primarily because they satisfied the inclusion criterion for acidosis (n = 25), while 2 had acute renal failure (n = 2) and 1 had pulmonary edema (n = 1). Of the 25 acidotic patients, 7 also had acute renal failure and 1 also had pulmonary edema. Seventeen patients had received artesunate before enrollment for a median duration of 14 hours. The patients' baseline characteristics are presented in Table 1 ; 23 patients survived and 5 (18%) died. During the study, 11 patients received respiratory support (8 endotracheal mechanical ventilation, 3 continuous positive airway pressure ventilation) and 6 received dialysis (3 peritoneal dialysis, 3 hemodialysis). Seven received inotropes (dopamine); in 5 of these, this was in the agonal phase. 
Hemodynamic and Oxygen Delivery
Microvascular Obstruction
Orthogonal polarizing spectrometry (OPS) assessments were performed in all patients on enrollment. However, in 1 there was a camera malfunction and in another there was a pressure artifact visible in the recordings, leaving 26 patients' readings for analysis. Sequestration obstructing microvascular flow in the rectal blood vessels (defined as erythrocyte velocity <100 µm/second; normal, 300-1200 µm/second) was evident in 22 (85%) patients. A median of 14% of capillaries in these 22 patients showed sequestration (range, 2%-58%). The proportion of capillaries with sequestration correlated well with Medians (interquartile range) are presented, unless otherwise stated.
Coma GCS ≤ 9 on admission.
Abbreviations: CAM, coma acidosis malaria; PfHRP2, Plasmodium falciparum histidine-rich protein. a P value calculated using Kruskal-Wallis test.
b P value calculated using Fisher's exact test.
c Number of capillaries with a red cell velocity of <100 µm/s on orthogonal polarizing spectrometry.
the semiquantitative measurement of the proportion of obstructed capillaries (blocked vs not blocked) determined by the independent reviewers who were blinded to patient characteristics (r s = 0.48; P =.03). Plasma PfHRP2 was measured in 27 patients (1 specimen was unavailable). The median (range) concentration was 6.1 µg/mL (1.2-34.6). Plasma PfHRP2 concentrations were not significantly correlated with the degree of sequestration in the rectal microvasculature measured by OPS (r s = 0.29; P = .17).
Clinical and Laboratory Correlates
Measures of acidosis-base deficit and central venous blood lactate-were strongly associated with outcome (P < .001 for both; Table 1 ). Four of the 5 deaths were in the patients with the highest central venous lactates (range, 7.5-12.8 mmol/L) and highest base deficits (range, 14-23 meq/L). The fifth patient also had significant lactic acidosis (lactate, 3.7 mmol/L; base deficit, 11 meq/L) and died while receiving hemodialysis for acute renal failure. There was also a strong association between the admission CAM score [15] and outcome. No patient with a CAM score less than 4 died.
Microvascular measures of sequestration (microvascular obstruction, estimated parasite biomass) correlated well with established clinical and laboratory measures of severity (CAM score, central venous lactate, Glasgow coma scale) and were associated with outcome, whereas macrovascular measures of circulating blood volume and oxygen delivery (GEDI, DO 2 I) did not ( Table 2 , Figures 1-3) . Indeed there was a trend forbetter survival and lower plasma lactate and base deficit in patients presenting with more pronounced hypovolemia (Tables 1 and 2 ). SVRI on admission was higher in the patients who died (P = .01) and correlated with the degree of sequestration (r s = 0.47; P = .03; Figure 4 ) and plasma lactate (r s = 0.57; P < .01). There was no relationship between the SVRI and the GEDI (r s = 0.17; P = .43) or between the SVRI and the DO 2 I (r s = −0.15; P = .48). Blood for parasite counts was taken at study enrollment, which was sometimes after the start of antimalarial treatment. The median (range) absolute parasite count was 9546/µL (45-2 411 897/µL). The peripheral blood parasitemia correlated with the plasma lactate concentration (r s = 0.41; P = .04) but not the base deficit (P = .26), CAM score (P = .38), or outcome (P = .85).
Patients With a Shorter Duration of Artesunate Treatment Before Assessment
To accommodate the potentially confounding effect of prolonged exposure to artesunate on the degree of parasitized erythrocyte sequestration, we analyzed a subgroup (n = 14) of patients who had received treatment for ≤10 hours before enrollment [23] . These patients had significantly more capillaries with sequestration (median [interquartile range, IQR]), 30% The correlation coefficients between the degree of visualized sequestration and the plasma lactate, the CAM score, and the GCS were similar in the group of patients who had been treated for >10 hours before enrollment compared with the group as a whole (see Tables 2 and 3 ). Sequestration and base deficit were positively correlated in the patients with a shorter duration of pretreatment (r s = 0.55; P = .04).
The relationship between DO 2 I and outcome in the group of patients with a shorter duration of pretreatment remained insignificant (P = .24). The relationship between GEDI and outcome was of borderline significance (P = .05), but the patients within this subgroup who died had a higher GEDI Abbreviations: CAM, coma acidosis malaria; GCS, Glasgow coma score. a P value determined using Kruskal-Wallis test.
b Correlation using Spearman's ρ.
d As measured by histidine-rich protein 2.
e As measured by global end diastolic volume index.
f As measured by the oxygen delivery formula DO 2 I. 
DISCUSSION
In this prospective clinical investigation of adults with severe falciparum malaria, indices of microvascular obstruction (sequestration) and parasite biomass correlated with disease severity, whereas measures of macrovascular status and function (blood volume, oxygen delivery) did not. Calculated total parasite biomass and microvascular sequestration were greater in patients who subsequently died than in survivors. Our results confirm the findings from previous larger studies that showed a correlation between the estimated total parasite biomass and disease severity and between microvascular sequestration and the degree of lactic acidosis [10, 22] . Hypovolemia may cause lactic acidosis through hypoperfusion. However, in this study, although all patients were hypovolemic (defined by a low GEDI), the acidosis was actually worse in the less hypovolemic patients. Oxygen delivery, which is calculated using cardiac index, hemoglobin concentration, and oxygen saturation, is important in severe malaria where both lung involvement and anemia are relatively common; however, oxygen delivery did not correlate with lactic acidosis and was unrelated to outcome in this study. The contrasting findings for the macrovascular and microvascular measures strongly support the hypothesis that severe falciparum malaria is primarily a disease of the microcirculation. The distribution of parasitized erythrocyte sequestration within the body, and even within organs, is not uniform in falciparum malaria. Four of the 26 patients examined had no visible sequestration in the rectal microcirculation. The absence of sequestration on a limited examination of the rectal mucosa does not preclude sequestration elsewhere in the body [24] [25] [26] [27] [28] . Furthermore, 3 of these 4 patients had their OPS assessments >14 hours after their first dose of artesunate, and in both this study and previous in vitro studies, the amount of sequestration decreased as the interval from starting artesunate increased [23] . A heterogeneous distribution of sequestration in the body may also explain the lack of correlation demonstrated between the degree of sequestration and the estimated parasite biomass.
Although there was a correlation between the amount of visualized sequestration and both plasma lactate and disease severity, the association between sequestration and both outcome and base deficit was of borderline significance (P = .053 and P = .09, respectively). However, the majority of patients in the study had received artesunate and (chloriderich) intravenous fluids, and this is likely to have affected both the degree of sequestration [23, 29] and the base deficit [30, 31] present on enrollment. Indeed, patients who had received artesunate and intravenous fluids for <10 hours had substantially more sequestration. Also, in this group of patients, the degree of sequestration was correlated significantly with outcome and base deficit. The correlation coefficients between the degree of sequestration and markers of disease severity in this subgroup remained similar to those of the group as a whole.
There are limitations to our detailed clinical investigation. The sample size was relatively small and the study was not designed or powered to provide independent predictors of outcome. However, the study is unique in the literature of severe malaria in that it provides a detailed assessment of the relative contributions of concurrently measured microvascular and macrovascular factors to end organ perfusion and it points clearly to a primary pathological role for microvascular obstruction. The hypothesis that obstruction of the microcirculation is the central pathological process in severe malaria is biologically plausible and it is strongly supported by autopsy studies and direct visualization of the retinal and rectal mucosal circulations [10, 32] . Approximately 12 hours after P. falciparum merozoite invasion [33] , parasitized erythrocytes begin to adhere to activated endothelium in the microcirculation. By 24 hours of asexual development, nearly all parasitized erythrocytes have sequestered and remain so until schizont rupture. Residual membranes and often the pigment body may still remain adherent after merozoite liberation. This sequestration of rigid, parasitized erythrocytes, together with auto-agglutination, rosetting, and decreased erythrocyte deformability, impedes and obstructs microcirculatory blood flow reducing the supply of oxygen and nutrients to vital organs. Endothelial function, particularly the nitric oxidemediated autoregulatory vascular response to hypoperfusion, is compromised because of hypoargininemia and intravascular hemolysis [34] . These factors can all combine to cause erythrocyte stagnation, tissue hypoperfusion, and mitochondrial hypoxia. Under hypoxic conditions, mitochondrial oxidative phosphorylation fails, and energy metabolism becomes dependent on anaerobic glycolysis. Anaerobic glycolysis increases the consumption of glucose and the production of hydrogen ions and cellular lactate, which diffuses into the blood. In Abbreviations: CAM, coma acidosis malaria; GCS, Glasgow coma score. a P value determined using Kruskal-Wallis test.
f As measured by the oxygen delivery formula DO 2 I. *P value <.05.
Φ P value ≤.01.
several previous studies, elevated lactate:pyruvate ratios have been measured in severe malaria indicating that tissue hypoxia, and not hypermetabolism, is the main cause of hyperlactatemia in severe falciparum malaria [14] . The greater correlation between estimated parasite biomass, rather than peripheral parasite count, and disease severity [22] was confirmed in this study. This suggests that the pathogenic malaria parasites are those that are sequestered in the microcirculation, a population not determined directly by the peripheral parasite count. The degree of sequestration correlated with the systemic vascular resistance and both were highly correlated with plasma lactate. This provides further support for the proposal that the central pathophysiological mechanism of disease in falciparum malaria is mechanical obstruction of the microcirculation [35] . Our findings have implications for clinicians who manage adult patients with severe malaria. Macrovascular factors cannot be ignored in adult patients with severe malaria; all our patients were hypovolemic and this needed to be corrected. However, these results suggest that because of the microvascular obstruction and the relatively slow time course of its resolution, aggressive fluid resuscitation may not provide the expected improvement in tissue perfusion in patients with a reduced effective circulating volume associated with other conditions. Tissue and microvascular fluid mechanics may be highly abnormal in this context of heterogenous capillary and venular obstruction. In the subset of patients with prominent capillary leakage and ARDS, fluid loading is clearly deleterious. Contrary to initial expectations, aggressive fluid resuscitation in African children with severe malaria has recently been shown clearly to increase mortality [19] .
Cytokines contribute to the clinical manifestations of malaria [36] , and there is much to learn about the role of inflammatory cytokines and other soluble mediators in disease manifestations, especially in the lung [18, 37] . However, although there is a pro-inflammatory response in severe malaria, our data overall support the hypothesis, originally proposed by Marchiafava and Bignami, that severe falciparum malaria is primarily caused by extensive microvascular obstruction [38] . These findings suggest that research efforts into adjuvant therapies should be focused on overcoming microcirculatory obstruction.
Notes
